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INTRODUCTION
Autosomal dominant polycystic kidney disease (ADPKD) is a very common inherited disease characterized by bilateral renal cyst growth due to aberrant proliferation of tubule epithelial cells leading to tissue destruction over time (1, 16) . The disease commonly presents clinically in the third decade of life and eventually results in kidney failure requiring long-term dialysis and kidney transplantation. Estimates of the number of people affected by ADPKD in the US range from 200,000 to over 600,000. Currently, the only pharmacological compound that is approved for ADPKD treatment in some countries, although not in the US, is the vasopressin receptor V2 antagonist tolvaptan (37, 38) . The utility of this drug is limited by its profile of adverse effects such as extreme polyuria, its potential liver toxicity, and its high cost (3, 43) .
The causative mutations in ADPKD occur in either the PKD1 or PKD2 gene in 85 and 15% of cases, respectively. The exact molecular mechanisms underlying the pathogenesis of ADPKD have yet to be ascertained, but numerous altered cellular signaling pathways have been identified (17) . This has led to successes in preclinical studies in which several drugs that inhibit these pathways have shown efficacy in slowing disease progression in PKD rodent models (16) . A prime example is the mammalian target of rapamycin (mTOR) signaling pathway, which is aberrantly activated in cyst-lining cells in ADPKD and rodent models (29, 30, 36) . Treatment of rodent models with mTOR inhibitors, such as rapamycin, profoundly inhibits renal cyst growth and slows disease progression. These promising results quickly led to clinical trials, which were, however, disappointing and did not establish beneficial effects in ADPKD patients (28, 42, 44) . In hindsight, the failure of mTOR inhibitors in clinical trials was likely due to the fact that rodents can be treated with much higher doses of mTOR inhibitors than humans and the short duration of treatment of days or weeks in mice and rats. In contrast, ADPKD clinical trials involve drug treatment for a year or more, and mTOR inhibitors have significant, unwanted extrarenal effects, even at low doses, including immunosuppression. Therefore, simply increasing the treatment doses of mTOR inhibitors is not a viable option for ADPKD therapy.
Due to the slowly progressive nature of this chronic disease it is likely that ADPKD patients will require continuous treatment with any pharmacological agent for very extended periods of time, likely for decades. This puts an extremely high burden on the requirement for specificity of any potential pharmacological agent. Most of the potential molecular drug targets identified in ADPKD exhibit relatively ubiquitous tissue expression patterns, such as mTOR, the epidermal growth factor receptor (EGFR), c-src, and many others. Therefore, inhibitors of these targets may be tolerated in the short-term, e.g., for cancer therapy, but are often not tolerated in the long term due to their adverse, systemic effects.
An approach to circumvent this problem would be to target any pharmacological agent specifically to polycystic kidneys.
If successful, this may enable effective inhibition of the intended molecule in the target tissue without affecting extrarenal tissues and organs, thereby reducing or eliminating systemic effects. Our group has previously explored strategies for ADPKD-specific kidney targeting for both antibodies and for small molecule compounds. In the case of antibody targeting, we have shown that antibodies in dimeric IgA format can be targeted to renal cyst lumens by exploiting the high levels of expression of the polymeric immunoglobulin receptor in cystlining cells (15) .
To target small molecule drugs to polycystic kidneys, we have made use of the folate receptor-␣ (FR␣), which is highly expressed in cyst-lining cells and has the ability to take up folate-conjugated (FC) compounds by receptor-mediated endocytosis (29) . Folate conjugates of nearly any small molecule drug can be engineered with a cleavable linker that allows the intracellular release of the original drug payload after internalization. This technology was originally designed for cancer therapy by exploiting the fact that many tumors overexpress the FR␣ (41) . We previously showed that the FR␣ is also expressed in polycystic kidneys, both in human ADPKD and mouse models, and used folate-conjugated rapamycin (FCrapa) for proof-of-concept studies in the bpk polycystic kidney mouse model (29) . Treatment of bpk mice with FC-rapa was similarly effective as treatment with unconjugated rapamycin with regard to inhibition of cyst and kidney growth and led to similar preservation of renal function. In contrast to unconjugated rapamycin, however, FC-rapa exhibited mTOR inhibition preferentially in polycystic kidneys compared with extrarenal tissues (29) .
The polycystic kidney mouse model that we previously used to test the efficacy and specificity of FC-rapa was the nonorthologous bpk model in which a gene unrelated to the PKD1 and PKD2 genes is affected (29) . This model shares many features with the fast-progressing autosomal-recessive form of PKD (ARPKD). In the present study, to further validate and expand this work, we utilized an orthologous mouse model in which the Pkd1 gene is affected, the same gene that is affected in 85% of the cases of human ADPKD. In this model, the Pkd1 gene is conditionally inactivated by Cre recombinase driven by the nestin promotor, which results in a mosaic null phenotype in the kidneys to mimic the mechanism of loss of heterozygosity in human ADPKD (31) . This model has previously been extensively characterized and shown to replicate characteristic features of human ADPKD including aberrant mTOR activation, epithelial proliferation and apoptosis, progressive fibrosis, and cysts derived predominantly from collecting ducts/distal tubules (31) . Using a novel fluorescently labeled folate conjugate and visualization by fluorescence microscopy, we show here that the folate receptor is accessible to folate-conjugated compounds on cyst-lining cells and can internalize those compounds into cyst-lining cells. We further show that FC-rapa is effective in inhibiting renal cyst growth in this model. At effective doses, mTOR inhibition is not observed in extrarenal tissues consistent with tissue-specific targeting to polycystic kidneys. Collectively, these results support the concept of using FC-drugs for tissue targeting in the treatment of ADPKD with the goal to reduce extrarenal adverse effects that may allow effective, long-term therapy.
MATERIALS AND METHODS
Animal studies. All animal studies adhered to the rules and regulations of the National Institutes of Health with approval of the Institutional Animal Care and Use Committee of the University of California, Santa Barbara. Mice were treated between postnatal days 7 and 21 with indicated doses of either folate or unconjugated rapamycin by intraperitoneal injection. Both drugs were reconstituted in DMSO and diluted in PBS to a final concentration of 2% DMSO and 2% ethanol with a standard injection volume of 10 l/g mouse body wt. The bpk and PKD1 fl/fl :Nes Cre models have been described previously (31) . However, in this study, PKD1 fl/Ϫ :Nes
Cre animals were used. The knockout allele was generated by the inherent germline activity of the Nestin-Cre system (47) and identified by PCR using primers F4 and R2 described previously (18) . PKD1 fl/wt :Nes
Creϩ animals served as controls. There were no observed sex-related differences in the study. Animal weights were recorded daily and reported as 3-day moving averages over the course of the trial.
Flow cytometry. To assess receptor necessity for drug activity, folate receptor-␣ (FR␣)-positive KB cells or FR␣-negative A549 cells were treated with FC-rapa and stained for phospho-ribosomal protein S6 (P-S6), a surrogate marker of mTORC1 activity. Cells were plated in 12-well plates at 5 ϫ 10 6 cells per well in folate-deficient RPMI media containing 10% FBS and were allowed to attach for 18 h at 37°C in a 95% O 2/5% CO2 cell culture incubator. Folate-conjugated rapamycin (EC0371, or FC-rapa) was diluted in culture medium to a final concentration of 1, 10, or 100 nM. Another series of drug dilutions was prepared containing 10 M of excess folic acid for competition. The cells were pulsed with drug for 2 h at 37°C, which was followed by two washes with medium. Fresh medium was added to the cells, and they were placed in a cell culture incubator for 20 h. The following day, the cells were detached from the plates using trypsin and resuspended in PBS, pH 7.4 ϩ 1% BSA. After fixation with Leucoperm A reagent (AbD Serotec), the cells were incubated with an Alexa Fluor 647-conjugated antibody to phospho-ribosomal protein S6 (Ser235/236) (rabbit monoclonal D57.2.2E; Cell Signaling Technology) at a dilution of 1:100 in Leucoperm B solution for 30 min at room temperature. Cells were washed and resuspended in PBS/1% BSA for analysis on a Beckman Coulter Gallios flow cytometer.
Histology and immunostaining. Formalin-fixed, paraffin-embedded (FFPE) tissues were sectioned (5m) and processed for hematoxylin and eosin, immunofluorescence, or immunohistochemistry staining as described previously (10) . Cystic index was measured from these tissue sections as a percentage of cyst area relative to the total renal area using Adobe Photoshop. Standard 5-m FFPE tissue sections were stained with Sirius Red/Fast Green to assess interstitial fibrosis. For this, sections were treated with 0.1% Direct Red and 0.1% Fast Green FCF (Sigma-Aldrich) for 4 h. Sections were deparaffinized in xylenes and rehydrated. This was followed by antigen retrieval in citrate buffer, pH 6, using a pressure cooker. Samples were blocked in 10% goat serum and 0.5% fish skin gelatin, in Tris-buffered saline plus 0.1% Tween-20. Primary antibodies used to stain include folate receptor (PU19; Endocyte), P-S6 (Ser240/244) (Cell Signaling), and Ki-67 (Millipore). Image acquisition and processing were done equivalently, and cell counts were done on three images per thymus. Immunohistochemistry was performed on 5-m FFPE kidney sections using an antibody against the FR␣ as described previously (29) .
Receptor accessibiltiy and functional binding. To assess receptor accessibility and functional binding, 12-day-old wild-type, bpk, or PKD1 fl/Ϫ :Nes Cre mice were intraperitoneally injected with 0.3 mol/kg FC-reporter compound or PBS vehicle. Tissue was collected 4 h postinjection, and kidneys were bisected and then fixed for 24 h in 4% formalin, followed by processing for paraffin embedding. Blocks were then sectioned (5 m), deparaffinized in xylenes, rehydrated, and stained. Staining was done with anti-FITC primary anti-body (Jackson ImmunoResearch) overnight and secondary for 1 h (ThermoFisher). Image acquisition and processing were done equivalently.
Immunoblotting. Primary antibodies for this study included P-S6 (Ser240/244), total S6, phosphorylated 4e-binding protein 1 (P-4E-BP1; Thr37/46), and total 4E-BP1 (Cell Signaling), and actin (SigmaAldrich). Tissue preparation and loading has been described previously (10) . Briefly, tissues were snap frozen in liquid nitrogen at the time of collection and then homogenized in a Dounce homogenizer in RIPA lysis buffer. Protein concentrations were estimated using the Promega BCA kit and loaded serially. Each lane represents a single mouse lysate, and lanes between tissues are the same animal for comparison. Bands were quantified using National Institutes of Health ImageJ Software.
RESULTS

Effectiveness of FC-rapa depends on expression of FR␣.
As an example to test the utility of FR␣-driven tissue targeting to polycystic kidneys in an orthologous PKD mouse model, we studied the previously described compound folate conjugated rapamycin (EC0371), termed FC-rapa (29) . As previously described, this compound is synthesized by conjugating rapamycin to folate using a hydrophilic linker and a biologically cleavable linker that is designed to release rapamycin after successful internalization into cells (29) . To confirm that the ability of cells to internalize FC-rapa is dependent on expression of the FR␣, we utilized previously characterized, FR␣- positive KB cells in comparison to FR␣-negative A549 cells (24) . These cells were treated with increasing concentrations of FC-rapa overnight, fixed, and stained for phosphorylation of the downstream target of mTORC1 activation, ribosomal protein S6. As shown in Fig. 1A , 10 nM FC-rapa strongly inhibited S6 phosphorylation in almost the entire population of KB cells but had no effect on A549 cells. Even a 10-fold higher concentration of FC-rapa only partially inhibited mTORC1 activity in A549 cells. excess amounts of free folate (XS). These results demonstrate that FC-rapa is only efficiently internalized into cells that express the FR␣ and that internalization leads to intracellular cleavage of FC-rapa, release of rapamycin into the cytoplasm, and effective inhibition of mTORC1.
Expression of FR␣ in polycystic kidneys of an orthologous Pkd1 mouse model. We previously demonstrated that FR␣ is expressed in ADPKD kidney tissue and the kidneys of nonorthologous models of PKD (29) . To investigate an orthologous mouse model, we generated and used here Pkd1 fl/Ϫ :Nes Cre animals. We have previously used Pkd1 fl/fl :Nes Cre mice containing two floxed Pkd1 alleles (10, 15, 31, 34) . To reduce animal-to-animal variation, we introduced a null allele to generate Pkd1 fl/Ϫ :Nes Cre animals. This model exhibits relatively consistent renal cystic disease with an approximate doubling of the two-kidney weight-to-body weight ratios between postnatal days 12 and 21 (Fig. 1B) .
To confirm FR␣ expression in kidneys from Pkd1 fl/Ϫ :Nes Cre animals, renal sections were stained by immunohistochemistry with an FR-specific antibody (PU19) and analyzed. Staining for FR␣ expression shows specificity to the kidney tubules and cyst-lining epithelial cells (Fig. 1C) suggesting that cysts in this orthologous model should be able to take up FC-rapa.
Use of a novel FC-reporter to visualize uptake in cyst-lining cells in vivo.
To test whether the expression of FR␣ in polycystic kidneys leads to uptake of parenterally administered folate-conjugated compounds into cyst-lining cells in vivo, we designed a novel small molecule reporter compound to allow direct visualization of the fate of such compounds. This FCreporter consists of folate conjugated to a hapten that is recognized by readily available commercial antibodies. A chemical linker is utilized that is designed to allow chemical aldehyde cross linking using standard histochemical protocols. A detailed article describing the chemical synthesis of the FC-reporter, its pharmacological properties, and its general utility as an in vivo reporter of the targeting of folate-conjugated compounds is in preparation.
The FC-reporter was administered to the orthologous Pkd1 mouse model (PKD1 fl/Ϫ :Nes Cre ); the previously studied, nonorthologous bpk mice; and age-matched control mice by intraperitoneal injection. After 4 h, animals were euthanized, and kidneys were removed, fixed using formalin, embedded in paraffin, and sectioned using standard histological procedures. The presence of the FC-reporter in tissue was visualized by immunofluorescence staining and fluorescence microscopy. As shown in Fig. 1D , kidneys of wild-type mice exhibit specific internalization of the FC-reporter in renal tubules. In both PKD mouse models, the FC-reporter can be prominently detected in cyst-lining cells (Fig. 1D) . This result indicates that the FR␣ on cyst-lining cells in the orthologous Pkd1 fl/Ϫ :Nes Cre mouse model is accessible to circulating folate-conjugated compounds.
Efficacy of FC-rapa versus unconjugated rapamycin. To assess the efficacy of FC-rapa in our orthologous Pkd1 mouse model, Pkd1 fl/Ϫ :Nes Cre mice or PKD1 fl/ϩ: Nes Cre controls were treated with a series of doses of FC-rapa (0.1, 0.3, and 0.6 mol·kg Ϫ1 ·day Ϫ1 ip) from postnatal days 7-21. For comparison, matching molar doses of unconjugated rapamycin were administered to another cohort of animals. Both rapamycin and FC-rapa were similarly effective in inhibiting renal cyst growth as is evident from gross kidney images ( Fig. 2A) and histological sections (Fig. 2, B and C) . The two-kidney weight-to-body weight (2KTBW) ratios were significantly reduced in treated animals, and higher doses of either compound achieved better efficacy (Fig. 2F) . Treatment with either compound led to partial preservation of normal renal parenchyma (Fig. 2C ) and overall reduction of the cystic index (Fig. 2G ). Collagen staining with sirius red revealed that both rapamycin and FC-rapa reduced the development of renal fibrosis (Fig. 2, D and E). Renal function as assessed by blood urea nitrogen did not deteriorate during the study window and, therefore, remained unaffected by either rapamycin or FC-rapa (data not shown). These results indicate that FC-rapa is similarly effective to unconjugated rapamycin in a head-to-head comparison. Both compounds similarly inhibit renal cyst growth and fibrosis in an orthologous mouse model of PKD. FC-rapa exhibits reduced extrarenal effects. Of critical interest in this study was the extrarenal response to the targeted treatment relative to unconjugated rapamycin. Rapamycin inhibits body growth by a general inhibitory effect on cell growth and proliferation (9) . Consequently, we observed a dose-dependent inhibition of overall body weight gain in mice treated with rapamycin during the treatment window between postnatal days 7 and 21 (Fig. 3A) . The observed slowed body growth is apparent even at the lowest dose of rapamycin (0.1 mol·kg Ϫ1 ·day Ϫ1 ). In contrast, body weight gain is unaffected by both the low and intermediate doses of FC-rapa (0.1 and 0.3 mol·kg Ϫ1 ·day Ϫ1 , respectively) leading to nearly indistinguishable growth curves compared with vehicle-treated mice over the course of the study (Fig. 3A) and providing evidence that FC-rapa exhibits significantly less systemic toxicity.
Rapamycin is used clinically as an immunosuppressant and has been shown to affect adaptive and innate immune responses (27) . To monitor any gross immunosuppressive effects of rapamycin versus FC-rapa, we assessed their effects on thymus weight as an important organ of the immune system and one in which we have previously shown that high-dose FC-rapa significantly reduces its size (29) . Both the intermediate and high doses of unconjugated rapamycin resulted in a significant decrease in the relative thymus weight, while only the highest dose of FC-rapa had a statistically significant effect and even that effect was less severe than the high doses of its unconjugated analog (Fig. 3B) . Other extrarenal tissues, including liver (Fig. 3C) and spleen (Fig. 3D) , did not exhibit significant growth retardation beyond the effect on total body weight when treated with FC-rapa. Altogether, these results indicate that at doses that significantly inhibit renal cyst growth, FC-rapa exhibits reduced extrarenal effects including effects on the immune system.
Renal specificity of mTOR inhibition with FC-rapa. To assess the efficacy of rapamycin versus FC-rapa treatment, we monitored the levels of phosphorylation of ribosomal protein S6 (P-S6) as a downstream surrogate marker of mTORC1 activity. Based on total kidney lysates, both rapamycin and FC-rapa result in a dose-dependent inhibition of mTORC1 activity (Fig. 4A) . Rapamycin treatment also results in dosedependent mTORC1 inhibition in the spleen (Fig. 4B) . In contrast, treatment with FC-rapa does not lead to dose-dependent mTORC1 inhibition in the spleen (Fig. 4B) suggesting that this tissue does not effectively take up folate conjugated compounds.
Besides the S6K/S6 branch of the mTORC1 signaling pathway, mTOR also affects another branch by phosphorylation of eukaryotic translation initiation factor 4e-binding protein 1 (4E-BP1). It has previously been reported that rapamycin inhibits primarily the phosphorylation of S6K but much less so the phosphorylation of 4E-BP1 (35) . To assess the relative effect of rapamycin and FC-rapa treatment on these two branches of the mTOR signaling pathway, we compared, head-to-head, the effect of treatment with the highest doses of rapamycin versus FC-rapa on total kidney lysates. As shown in Fig. 4C , polycystic kidneys not only exhibit a very strong increase in P-4E-BP1 but also a strong increase in the total expression of 4E-BP1. The activation of the 4E-BP1 branch of the mTOR signaling pathway appears to far exceed the effect on the S6 branch of the pathway. To our knowledge, this differential activation downstream of mTOR has not previously been reported in polycystic kidney disease. As expected, while both rapamycin and FC-rapa reduce the level of S6 phosphorylation in kidneys of treated animals, these drugs have little, if any, effect on either the total expression of 4E-BP1 or its phosphorylation (Fig. 4C) . These results may suggest that compounds that affect the 4E-BP1 branch of mTOR signaling may be advantageous for PKD therapy.
Because the analysis of total tissue lysates does not distinguish between effects on different cell types present in the tissue, we next investigated P-S6 levels by immunofluores- cence microscopy. Consistent with previous reports, polycystic kidneys exhibit high levels of P-S6 in the cell lining in many, but not all, cysts (Fig. 5A ). In addition, some interstitial cells are positive for P-S6. Treatment with both rapamycin and FC-rapa reduces, dose dependently, the levels of P-S6 in both cyst-lining and interstitial cells (Fig. 5A) . We have recently reported that folate-conjugated drugs are taken up by macrophages (13) . Activated, pericystic macrophages are abundant in polycystic kidneys and were found to promote cyst growth (8) .
These results suggest that many of the P-S6-positive interstitial cells we see in PKD kidneys may be activated macrophages and that inhibition of mTOR in these macrophages may contribute to the observed suppression of cyst growth.
To further evaluate the relative renal specificity of FC-rapa, we investigated effects on mTOR inhibition in the thymus. Many cells in the thymus of vehicle-treated animals exhibit strong P-S6 signals, which presumably include proliferating/ maturing T cells. In a dose-dependent manner, treatment with rapamycin leads to strong suppression of mTOR activity in these cells (Fig. 5B) . In contrast, treatment with FC-rapa had no effect on these cells. Together with the observed lack of effect of FC-rapa on the spleen (Fig. 4B) , these results suggest that FC-rapa has little immunosuppressive activity on the immune-related organs examined.
Cell cycle suppression is thought to be a major mechanism by which mTOR inhibition antagonizes renal cyst growth in PKD (32) . We assessed the effect of rapamycin and FC-rapa on the cell cycle by monitoring the degree of cellular K i -67 positivity. Treatment with both rapamycin and FC-rapa led to a comparable effect on the number of K i -67-positive cystlining cells, with a significant decrease by~50% observed with the highest doses of either drug (Fig. 6A) . In contrast, while cycling cells in the thymus are significantly inhibited by rapamycin treatment, they are unaffected by FC-rapa (Fig. 6B) . These results again suggest that FC-rapa, in contrast to rapamycin, does not affect extrarenal, immune-related organs.
DISCUSSION
We report here that FC-rapa is similarly effective as unconjugated rapamycin in a head-to-head comparison on an orthologous mouse model of PKD. Both drugs affect renal cyst growth, mTOR activity, proliferation, and fibrosis to a similar extent. The minimal comparative difference in drug efficacy on the renal cystic phenotype at the total body doses tested is likely due to several factors, including the specific nature of cellular entry (lipohilic versus endocytic), specific FR␣ status, and the relative differences in pharmacokinetics between these compounds. However, in contrast to unconjugated rapamycin, FC-rapa does not affect body weight gain, thymus or spleen weight, mTOR activity in thymus and spleen, or cell cycling in the thymus at doses that are effective on the polycystic kidneys. We therefore conclude that extrarenal effects, in particular on organ systems of the immune system, are greatly reduced with FC-rapa compared with unconjugated rapamycin. The efficacy of FC-rapa to ameliorate renal cystic disease and the simultaneous lack of extrarenal adverse effects are similar to what we previously observed using a nonorthologous mouse model of PKD (29) . Therefore, the present report increases confidence that FC-rapa, or other folate-conjugated compounds, would exhibit similar specificity toward polycystic kidneys in ADPKD patients.
The concept of exploiting FR␣ as a cellular, endocytosismediated mechanism to deliver therapeutic payloads into cells has been demonstrated and discussed previously (2, 40) . The premise of FR␣ targeting is based on the observation that FR␣ expression is significantly upregulated in a variety of cancer indications compared with their respective normal tissues (19) . While in normal tissues FR␣ is most highly expressed in kidney epithelial cells, it is also expressed in other normal tissues. For example, in humans, other sites of FR␣ expression include the choroid plexus, lung, and small intestine (6, 19, 45) . However, biodistribution studies with EC20, a folatetargeted, technetium-based imaging agent, in human patients reveals very little uptake by the choroid plexus and no uptake in the lung and it has been proposed that the specific polarized location of FR␣ in epithelial tissues (i.e., apical or basolateral) may determine whether the receptor would be accessible to an intravenous injection of an FR-targeted conjugate (4, 25) . Furthermore, it is important to point out that to date minimal toxicity has been observed with folate-targeted lead small molecule drug conjugates in both animal models (22) (23) (24) and human subjects (7, 11, 12, 14) . In addition to the polarized nature and relative accessibility of FR␣, as discussed above, this may in part be due to the expression of the reduced folate carrier, which is the primary mediator of folate transport in most normal epithelial cells and for which FR-targeted conjugates do not serve as substrates. However, we acknowledge that the majority of studies to date have primarily been focused on various cancer indications in an acute setting so the longterm, chronic effects of, for example, FC-rapa administration in an ADPKD population, including potential accumulation and tissue toxicity in FR␣-positive extrarenal tissues over time, have yet to be evaluated and may require monitoring in a clinical setting.
Many promising molecular drug targets have been identified in PKD, and many small molecule drugs have shown efficacy in PKD rodent models (46) . Common to almost all of them is that these molecular drug targets are not uniquely expressed in PKD kidneys but have important functions in many extrarenal tissues as well. For example, aberrant activation of the EGFR is well documented in PKD, and a small molecule EGFR inhibitor significantly reduced renal cyst growth in a PKD mouse model (18, 26, 33, 39) . However, similar small molecule EGFR inhibitors have proven problematic for long-term 
